Abstract-Multi-class channel coded layered asymmetrically clipped optical orthogonal frequency-division multiplexing (LACO-OFDM) is proposed, where the achievable rate of the system is derived based on our mutual information analysis. We conceive a multi-class channel encoding scheme integrated with the layered transmitter. At the receiver, both the coded and uncoded likelihood ratios are extracted for inter-layer interference cancellation and symbol detection, respectively. Simulations are conducted, and the results show that our design approaches the achievable rate within 1.1 dB for 16-QAM fourlayer LACO-OFDM with the aid of a half-rate eight-iteration turbo code at BER = 10 −3 , outperforming its conventional counterpart by about 3.6 dB.
I. INTRODUCTION
V ISIBLE light communications (VLC) constitutes a promising optical wireless technique, which has been rapidly developed into a practical solution [1] , [2] . Thanks to the popularity of energy-efficient light emitting diodes (LED) in indoor lighting systems, as an additional benefit, their ability to transmit information has also been explored [3] , [4] .
Photo diodes (PD) can be used as the VLC receiver relying on intensity modulation combined with direct detection (IM/DD) as a benefit of its low complexity. Explicitly, the intensity of the light ray is modulated with the information and the PD at the receiver detects this and converts it into electric signal for further processing [5] . The ubiquitous orthogonal frequency division multiplexing (OFDM) technique has also been transplanted from the radio frequency (RF) field into the VLC domain [6] , [7] . During the transfiguration of RF-OFDM into optical OFDM (O-OFDM), a major The authors are with the School of Electronics and Computer Science, University of Southampton, Southampton SO17 1BJ, U.K. (e-mail: xz3u13@ecs.soton.ac.uk; zb2g10@ecs.soton.ac.uk; rz@ecs.soton. ac.uk; sqc@ecs.soton.ac.uk; lh@ecs.soton.ac.uk).
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Digital Object Identifier 10.1109/TCOMM.2018.2869821 impediment surfaced, because IM/DD requires real-and positive-valued signals to be mapped to the lightwave, but the complex-valued signal produced by the conventional RF-OFDM cannot satisfy this specification. Therefore, modifications have to be made, so that the unipolar requirement is met [8] . Hence numerous propositions can be found in the literature, which are surveyed below. Specifically, the data to be transmitted may be mapped to the frequency domain (FD) representation of the O-OFDM signal by obeying the Hermitian symmetry, which is capable of guaranteeing pure real-valued time domain (TD) symbols after the inverse fast Fourier transform (IFFT) based modulation. This requires the first half of the FD symbols to be the conjugate of the rest, as detailed in [6] . The direct current (DC) based optical OFDM (DCO-OFDM) scheme was proposed by Carruthers and Kahn [9] based on the Hermitian symmetry, where a sufficiently high DC offset is added to the real-valued signal so that all but the most negative parts become positive, whilst the remaining negative values are set to zero. DCO-OFDM is however energy-inefficient due to the typically 7 dB or higher DC shift [10] , [11] . Armstrong and Lowery [12] later proposed the asymmetrically clipped optical OFDM (ACO-OFDM) philosophy, where every other subcarrier is left blank and additionally, the overall FD signal still has to satisfy Hermitian symmetry. Then the IFFT-based modulation provides a signal, where all the negative samples have a positive counterpart with the same magnitude, hence the negative samples can be discarded. Thus the original signal can still be recovered without information loss at the receiver side. However, the above-mentioned FD process leaves three quarters of the subcarriers with either zero or redundant conjugate symbols, which is spectrally inefficient. More specifically, comparing DCO-OFDM to ACO-OFDM, it is readily observed that the former is more spectral-efficient than the latter, while the latter is more energy-efficient than the former, which yields a design dilemma.
Against this background, Q. Wang et al. [13] proposed layered ACO-OFDM (LACO-OFDM), which offers a higher spectral efficiency than the classic ACO-OFDM, while maintaining moderate power efficiency. According to [13] , LACO-OFDM embeds additional ACO-OFDM layers within the classic ACO-OFDM frame, which occupy the blank evenindexed ACO-OFDM subcarriers, hence, enhancing the spectral efficiency. However, this is achieved at the cost of interlayer interference (ILI). Specifically, after re-modulation at the This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ receiver, the negative clipping distortion of the lower layers falls on the subcarriers occupied by the upper layers, which constitutes the ILI. Nonetheless, the multiple ACO-OFDM layers within the LACO-OFDM frame can be detected sequentially using successive interference cancellation (SIC) [14] , commencing from the first layer, which is free from ILI. Over the same time period, the spectral and energy efficient OFDM (SEE-OFDM) [15] , [16] and enhanced ACO-OFDM (eACO-OFDM [17] and EACO-OFDM [18] ) were independently proposed using similar philosophy.
Since the higher layers of a LACO-OFDM frame rely on the lower layers for estimating interference, any residual detection errors in the lower layers propagate through all the successive layers. Consequently, the higher layers exhibit a higher bit error ratio (BER) than the lowers layers [19] . As a further advance, Q. Wang et al. [20] also conceived an improved detection method, which exploits the TD signal for reducing the ILI. Another improved LACO-OFDM receiver relying on soft SIC was proposed by T. Wang et al. [21] , which exploits the idea of diversity combining for eliminating ILI. Parallel to those developments, Mohammed et al. [22] studied both FD and TD diversity combining conceived for LACO-OFDM systems.
Against this background, in this paper we conceive an integrated multi-class forward error correction (FEC) code and LACO-OFDM framework, which invokes carefully harmonised FEC codes for correcting channel errors as well as for eliminating the ILI. Our main contributions in this paper are:
• We quantify the achievable rate of LACO-OFDM systems relying on different modulation schemes and different number of layers, which is based on both the theoretical mutual information and simulations.
• We conceive a novel FEC coded LACO-OFDM system, which intrinsically amalgamates the classic FEC codes with our LACO-OFDM system. Our results demonstrate that the proposed coded LACO-OFDM system significantly outperforms the benchmark system consisting of a separate FEC and LACO-OFDM scheme in terms of its BER performance as well as the decoding complexity.
• We further analyze the layered BER of the proposed coded system. It is demonstrated that the proposed coded LACO-OFDM system is capable of drastically reducing the ILI. Quantitatively, the coded LACO-OFDM system relying on 4-layer 16QAM LACO-OFDM and turbo coding (8-iteration) completely eliminates the ILI at E b /N 0 = 10 dB, which is 9 dB lower than that of the uncoded system.
The structure of this paper is as follows. In Section II we briefly review the uncoded ACO-and LACO-OFDM schemes. The achievable rate of LACO-OFDM is derived in Section III. This is followed by a novel multi-class coded LACO-OFDM architecture in Section IV. Our numerical simulation results, together with our further discussions on the coding performance are given in Section V. Finally, our conclusions are offered in Section VI.
II. SYSTEM MODEL
In this section, we introduce the layered model that is used in our system. We first describe the basic transmitter and receiver units of an ACO-OFDM module.
Based on pioneering work on LACO-OFDM [13] , we consider the following indoor VLC downlink communication scenario. In our assumption, a single LED acts as the transmitter that serves one user within the room. It has been shown in our previous work [19] , that the LACO-OFDM scheme is capable of drastically reducing the signal's PAPR. Therefore, the LED invokes LACO-OFDM for transmission in our system. We assume furthermore that the LED operates within its linear range, hence no clipping occurs, with the maximum allowed transmit energy E LED,max set according to the LED specifications. This constrains the electrical power of the unipolar TD transmitted signal x at any time instance according to:
In the FD, we normalize the average transmission power of each symbol X[k] to 1, regardless of the number of layers and of the choice of FEC codes, for the sake of a fair comparison, i.e.
where K stands for the total number of symbols transmitted. An additive white Gaussian noise (AWGN) channel is considered in this paper, which is an appropriate assumption for LOS VLC scenarios and has been commonly adopted for IM/DD performance analysis [10] , [23] , [24] . The optical channel can be modeled in the TD as
where r is the received signal. We have not considered the pathloss or fading in this paper, which is a common practice [8] . The TD noise n is expected to be real-valued, and it is defined as
2 is the single-sided noise power. Please note that a factor of 1 2 is incorporated, because only half of the power is associated with the positive frequencies of the noise power spectrum. Figure 1 shows the general schematic of the ACO-OFDM transmitter, relying on M 1 -ary QAM. The subscript "1" indicates that this signal constitutes the first layer of the LACO-OFDM scheme discussed in Sec. II-B. The input bit stream b 1 of length B 1 is mapped onto the complex FD symbols S 1 based on a given M 1 -ary quadrature amplitude modulation (M 1 QAM) constellation. This provides a total of B 1 /log 2 M 1 complex symbols, which, together with their B 1 /log 2 M 1 conjugate counterparts and with the additional 2B 1 /log 2 M 1 null placeholder symbols, are then mapped onto N 1 = 4B 1 /log 2 M 1 subcarriersS 1 as follows:
A. ACO-OFDM
where * denotes the conjugate of a complex number. Since the FD symbolsS 1 obey Hermitian symmetry, the TD signal s 1 obtained after inverse fast Fourier transform (IFFT) becomes real-valued and anti-symmetric, i.e. we have −s 1 
Therefore, all negative samples of s 1 can be dropped without losing information. The resultant nonnegative electric signal s 1 is converted into optical signal and emitted through an LED. Figure 2 shows the schematic of the ACO-OFDM receiver. The received signal r 1 is first passed through the FFT to obtain the corresponding FD signalR 1 . Since the negative clipping distortion only falls on the even-indexed blank subcarriers (u = 2k), the desired information can be extracted from the first half odd-indexed subcarriers. The resultant extracted symbols R 1 are then demapped onto the estimated bit stream b 1 . Meanwhile, the demapper may also produce the likelihood ratios (LLRs) of each bit, when operating in a soft output mode.
B. LACO-OFDM
The LACO-OFDM framework utilizes the blank evenindexed subcarriers (u = 2k) of the classic ACO-OFDM frame for transmitting additional layers of ACO-OFDM symbols, since clipping distortion only exists at the even indices, which can be removed at the receiver. Explicitly, the classic ACO-OFDM relying on N 1 -point IFFT/FFT constitutes the first layer (l = 1). The N 2 = N 1 /2 blank subcarriers of the first layer are then filled by the second layer (l = 2) ACO-OFDM symbol, relying on N 2 -point IFFT/FFT. Similarly, additional ACO-OFDM layers can be added, so that the lth layer occupies N l = N 1 /2 l−1 blank subcarriers. A stylized FD view of a 3-layer LACO-OFDM signal is provided in Fig. 3 to demonstrate the subcarrier assignment of the different layers' symbols and their clipping distortions. It is possible to incorporate a maximum of (log 2 N 1 −1) layers in the LACO-OFDM system. However, typically 4 and 5 layers are sufficient to strike an attractive trade-off between the throughput and energy consumption [13] , [25] . [19] . The purely light shaded bricks with '*' symbols are the Hermitian symmetry conjugates, while the North East hatching, vertical hatching and North West hatching represent distortion generated by Layer 1, 2 and 3, respectively. Figure 4 shows the block diagram of a LACO-OFDM transmitter consisting of L ACO-OFDM blocks as its basic units. The serial input bit stream is firstly split into L parallel streams, corresponding to the L layers, each of which is independently fed to an ACO-OFDM TX unit. It is pertinent to mention that several factors, such as the throughput demand and quality of service (QoS) requirement, dictate both the number of bits B l (length of b l ) assigned to each layer and the modulation order (M l ) of each layer. However, the combination of B l and M l must ensure that the lth layer outputs exactly N 1 /2 l+1 symbols. This in turn implies that the TD signal must repeat itself several times for l > 1 for the sake of aligning the TD signals of all the L layers. Finally, the resultant LACO-OFDM signal x L is now ready for electric/optical conversion.
Recall from Fig. 3 that the first layer is free from ILI, while all the subsequent layers are contaminated by the ILI of the previous layers, i.e., the lth layer is contaminated by the ILI of layers 1 to (l − 1). Therefore, the received LACO-OFDM signal is detected in a layer-by-layer manner, invoking SIC for removing the ILI of the previous layers. Explicitly, by the ILI of layer 1, provided that the layer bits have been perfectly detected, i.e. we haveb 1 = b 1 . This SIC process is repeated for all the subsequent layers, so that the signalr
fed to the 'ACO RX' unit of the Lth layer becomes free from the ILI of all the previous layers. Unfortunately, the SIC is not perfect, because any residual errors in the detected bitŝ b l corrupt the regenerated signal ŝ l . Consequently, the ILI is not completely eliminated and the residual ILI of the successive layers accumulates, as we move to higher layers. This in turn implies that the higher layers exhibit a higher BER than the lower ones.
We denote the BER of layer l as P b,l . Under the reasonable assumption that a maximum of one bit error shall occur in each Gray-coded QAM constellation symbol at a sufficiently high SNR, the symbol error rate (SER) of the same layer would be
where the total number of bits N l within the lth layer is used for intermediate conversion. Meanwhile, for each of the symbol errors, its influence on the locally generated clipped signal ŝ l is quantified by the square of the Euclidean distance between the correct and corrupted symbol, which equals to the square of the minimum symbol distance in the QAM constellation, given by [14, p. 177]
Therefore, the ILI G l generated by layer l can be calculated based on the number of symbol errors and their averaged influence on each of the subcarriers after IFFT, given as [19] 
While the performance of the first layer is influenced only by the channel AWGN, all higher layers are additionally subjected to the ILI from all previous layers. e.g. Layer 3 is influenced by G 1 and G 2 , as well as the channel AWGN. Therefore, we define Γ s,l as the electric signal-to-noise-and-interference ratio of the lth layer as
where γ b is the channel's overall energy-per-bit-to-noisepower-spectral-density ratio and N 0 is the noise power spectral density. Hence, the P b,l of the LACO-OFDM system can be computed by modifying the standard QAM BER formula from [14] as follows
III. ACHIEVABLE RATE ANALYSIS Li et al. [26] derived a tight bound on the capacity of the general IM/DD channel based on the probability density function (PDF) of both the optical signal and the noise. They also provided the channel capacity of ACO-OFDM, which is essentially a quarter of Shannon's capacity [27] . As a further advance, the upper bound of the multicarrier optical IM/DD capacity was quantified by You and Khan [28] with the help of trigonometric moment sequences, while Hranilovic and Kschischang [29] studied both the upper and lower bound of an AWGN optical IM/DD channel. A tighter capacity upper bound is derived by Chaaban et al. [30] . In [31] , the capacity for parallel optical channels were studied. The capacity bounds for bandlimited optical intensity channels were given in [32] . More recently, Zhou and Zhang [33] derived the continuousinput continuous-output memoryless channel (CCMC) capacity, also known as the unrestricted bound, of LACO-OFDM. Inspired by these advances, in this section we quantify the achievable rate [34] of a LACO-OFDM system relying on different number of layers and different modulation schemes, which has not been studied in the open literature. Naturally, the achievable rate of a LACO-OFDM system increases, as more layers are incorporated and higher-order modulation schemes are used. The achievable rate derived in this section will be subsequently used in Sec. V for benchmarking the performance of the proposed coded LACO-OFDM system.
A. Achievable Rate for ACO-OFDM
Let us first analyze a simple single-layer LACO-OFDM system, which is basically ACO-OFDM. We once again used the subscript "1" for all the ACO-OFDM symbols, since this ACO-OFDM system constitutes the first layer of LACO-OFDM. If an FD symbol S 1 [k] is transmitted from TX of Fig. 1 , the FD symbol received at the RX side can be expressed as
where N is the halved power-effective AWGN represented in the FD. Let d 1,k,m be the Euclidean distance between the received symbol R 1 [k] and the mth symbol S (m) of the
, which is given by:
where · is the l 2 -norm operator. Then the soft channel infor-
, which denotes the probability of receiving the symbol R 1 [k] at the kth instant when
Here, σ 2 n /2 is the power of the effective AWGN N of (7), which may be expressed as
It is pertinent to mention that if the channel SNR is Es N0 for unit symbol energy, then the effective noise power may be estimated by:
which yields
for ACO-OFDM.
Using Bayes's Theorem, the a posteriori probability of the transmitted symbol
Since the transmitted symbols are uniformly distributed over the same constellation pattern, the a priori probability for any of the M 1 transmitted symbols is given by
Furthermore, the probability of received symbols R 1 [k] may be computed using:
Substituting (14) and (15) into (13) yields:
Hence, (16) 
is equivalent to the normalized counterpart of
, when the transmitted symbols S 1 are equiprobable. Consequently, H(R 1 |S 1 ) relies on the un-normalised probabilities P
, while H(S 1 |R 1 ) relies on the normalized probabilities
According to Shannon's theorem [27] , the capacity C of a channel is equivalent to the maximum information conveyed, which equals to the entropy of the source minus the average information lost. The achievable rate R is then upper-bounded by the capacity for the sake of an error-free transmission, which is expressed as (17) where I(· , ·) is the mutual information function and H(·) is the information entropy function, while S stands for the source/Tx and R the sink/Rx. Since we have considered equiprobable source symbols, we have [35] , [36] 
while H(S 1 |R 1 ) ACO is given in (19) , as shown at the top of the next page where
is computed using (9) . The term of (18) and (19) indicates the four-fold spectral efficiency reduction of ACO-OFDM, where N is the total number of subcarriers available, and N 1 is the number of symbols transmitted using the ACO-OFDM scheme [8] , [26] . Explicitly, the expectation operator E{·} of (19) computes the average of all TD symbols across all occupied subcarriers. Therefore, a factor of N1 N has to be incorporated to get the average entropy of a LACO-OFDM frame.
Finally, the achievable rate of an ACO-OFDM system can be expressed as
B. Achievable Rate for LACO-OFDM
Next, we extend the aforementioned achievable rate analysis to the more complex LACO-OFDM system, which also relies on the classic information theoretic capacity and achievable rate (17) .
For an L-layer LACO-OFDM scheme, the overall conveyed information quantified by the channel capacity can be expressed as
where the first half represents the source symbols of each layer, while the second half denotes their corresponding sink symbols. Recall that each layer of LACO-OFDM is an ACO-OFDM signal and the transmitted symbols of each layer are independent, while the received symbols are correlated due to the presence of ILI. Therefore, (21) can be rearranged as
For the sake of simplifying this cascaded ILI in the capacity calculation, we exploit the widely used chain rule [37] . Consequently, each of the terms in (22) can be rewritten as
Recall that each layer is only affected by the ILI of lower layers. Consequently, the symbols R l received in the lth layer are independent of the symbols {R l+1 , R l+2 , . . . , R L } received in the upper layers. Hence, the second term in (23) is always zero, while the first term can be further expanded as
which is the source entropy of the lth layer, minus the loss of information caused by all the (1 ∼ l)th layers. As it will be demonstrated in Sec. V-B, the ILI can be substantially reduced by appropriately incorporating FEC codes. Hence, under the assumption of perfect error correction (or equivalently, perfect detection), the ILI can be completely eliminated. Consequently, it is reasonable to assume that we have: (25) where H(S l | R l ) related to the lth layer can be computed using (19) . This in turn implies that the overall conveyed information can be estimated by adding together the information conveyed by each independent ACO-OFDM layer.
Hence, the achievable rate of an L-layer LACO-OFDM system can be expressed in bits/symbol as follows:
where the factor 2 −l−1 denotes the spectrum efficiency of the lth layer as in [19] . If all layers invoke the same modulation scheme, i.e. we have M l = M , ∀ l, then (26) can be further simplified as follows:
It is also worth mentioning that when calculating H(S 1 | R 1 ) for LACO-OFDM, the noise power should be higher for a given value of Es N0 , because the total symbol energy increases as more layers are superimposed and more idle subcarriers are filled up. More specifically, if equal symbol energy is assigned to every subcarrier, as in [13] and [19] , then the total unnormalized LACO-OFDM symbol power is equivalent to [19] 
Consequently, (11) should be modified as
which in turn modifies (12) into
for LACO-OFDM.
C. Numerical Results and Summary
In this subsection, we present our numerical LACO-OFDM achievable rate results. Obtaining analytical results would be a complex task due to the logarithm operation in (19) . Hence we invoke Monte-Carlo simulations here. Figure 6 shows the IM/DD optical DCMC capacities of different LACO-OFDM systems. More specifically, Fig. 6a portrays the achievable rate of a 3-layer LACO-OFDM, while Fig. 6b that of a 4-layer system. Three QAM constellation sizes, namely 4QAM, 16QAM and 64QAM, are used for comparison. As illustrated in Fig. 6 , LACO-OFDM having more layers offers a higher achievable rate, since all three curves seen in Fig. 6b converge to slightly higher values than their counterparts in Fig. 6a .
In this section, we derived the achievable rate of the LACO-OFDM system. We started by deriving the a posteriori probability and the conditional entropy of the transmitted symbols, which helps in calculating the average amount of information conveyed through the channel, known as the DCMC capacity and upper-bounds the achievable rate. Next we proved that the achievable rate of a LACO-OFDM system can be approximated as the sum of the ACO-OFDM layers' DCMC capacity, in the absence of ILI. The choice of modulation schemes on each layer is further considered, which influences this layer's contribution to the total achievable rate. The achievable rate versus SNR curves are then illustrated, IM/DD optical achievable rate of LACO-OFDM system using different number of layers and different QAM constellation sizes.
which will help us determine the achievable rate limit for a given coding rate, as it will be detailed in Sec. V.
IV. LAYERED ACO-OFDM WITH CHANNEL CODING
A naive coded LACO-OFDM system can be formulated by simply concatenating an FEC code to a LACO-OFDM module, referred to as a single-class structure. Explicitly, the bit stream b of Fig. 4 is FEC-encoded before being fed to the S/P module of LACO-OFDM. Similarly, the detected bit streamb of However, this structure has several impediments that limit its overall performance.
1) The original TX of Fig. 4 has a parallel structure.
The signal processing of all layers can be carried out simultaneously, before their respective clipped signals are superimposed onto each other. However, in case of the conventional single-class coded LACO-OFDM system, the encoder operates serially. Hence, the higher layers have to wait for their bits to be encoded. This introduces delay at the TX. It is also worth noting that the delay increases upon increasing the frame length.
2) The conventional coded LACO-OFDM system fails to exploit the full potential of FEC codes. The FEC codes are capable of alleviating the impact of ILI, if invoked in a carefully matched layered manner. As it will be detailed later in this section, ILI in the conventional system is the same as that in the uncoded system. 3) One of the benefits of a LACO-OFDM system is its flexibility [19] . Specifically, the number of layers, the modulation scheme as well as the power allocation invoked for each layer can be adjusted to achieve a desired QoS or throughput requirement. However, since all bits are encoded jointly in a single-class coded system, the same coding rate, and more importantly the same code, must be used for all input bits; hence, the system loses flexibility. This can be particularly disadvantageous in scenarios, where one would like to use stronger codes for particular layers to provide a higher level of protection. Against this background, we present our new multi-class coded LACO-OFDM system, where the encoding and decoding components are integrated within the original layered structure. In this way, the system avoids the aforementioned problems, since each layer has its own encoding and decoding units. Figure 7 shows the schematic of the proposed multiclass LACO-OFDM transmitter, which intrinsically integrates layer-specific FEC encoders within the layered structure of the LACO-OFDM system. Each layer of the LACO-OFDM system of Fig. 7 has its own choice of constellation size M l , coding rate r l as well as the type of FEC code. First, the S/P block divides the input bit stream b into L blocks, so that the lth layer has B l uncoded bits, denoted as b l . Each layer then independently encodes its input bits b l using an FEC code having a coding rate of r l . The resultant encoded bitsb l and the desired constellation size M l are then fed to the 'LACO TX CORE' block of Fig. 4 for further processing.
A. Encoder Design
The multi-class FEC encoder of Fig. 7 simultaneously processes each layer. Since each layer only has a portion of the original bit stream b, it takes shorter time to complete the entire encoding process. Moreover, this design allows us to individually choose the FEC code type and the coding rate for each layer, hence facilitating adaptive LACO-OFDM FEC coding. Figure 8 shows the schematic of the proposed LACO-OFDM RX, where the FEC decoders are integrated into the multi-class coded structure of LACO-OFDM, similar to the transmitter of Fig. 7 . Analogously to the uncoded RX of Fig. 5 , the RX of Fig. 8 operates layer-wise, commencing from the first layer, which is not contaminated by ILI. However, the clipped signal s l of the lth layer is now regenerated based on the output of the FEC decoder, rather than relying on the hard-output of the QAM demapper. More specifically, the soft QAM demapper of Fig. 8 computes the a priori LLRs L a b l of the encoded bitsb l from the bit-based couterparts of the symbol-based likelihood probabilities of (9) . The a priori LLRs L a b l are then fed to the FEC decoder of Fig. 8 , which is essentially a soft-in-soft-out (SISO) decoder. This SISO decoder yields the a posteriori LLRs L p (b l ) of the uncoded bits b l . Finally, hard-decision is applied both to L p b l and to L p (b l ), yieldingb l andb l , respectively. The resultant b l is then fed to the 'ACO TX' block of Fig. 1 for estimating the ILI imposed on the (l + 1)st layer. The rest of the process at RX of Fig. 8 is the same as that of the uncoded system. Hence, the proposed RX estimates the ILI based on the output of the FEC decoder. Since the FEC decoder corrects most of the channel errors, the resultant ILI estimations become more accurate. Consequently, the ILI is substantially reduced, provided that the receiver design of Fig. 8 is invoked. Therefore, the FEC encoders of Fig. 8 substantially mitigate the impact of ILI.
B. Decoder Design

V. SIMULATIONS AND DISCUSSIONS
In this section, we evaluate the performance of our proposed multi-class coded system. First we benchmark the BER performance against the single-class coded LACO-OFDM system as well as the achievable rate limit. Then we will analyze the detailed influence of FEC codes on each LACO-OFDM layer. In all simulations we have used a 4-layer LACO-OFDM scheme communicating through an AWGN channel relying on a total of 2048 subcarriers and 16QAM.
Furthermore, we have used a 1 2 -rate FEC code for each layer. Hence, the overall throughput (or rate) of the resultant coded LACO-OFDM system can be formulated as follows:
Based on Shannon's information theorem [27] , the achievable rate under such throughput would be 15 16 bits/symbol, which corresponds to a limit SNR E s /N 0 = 7.38 dB (or equivalently γ b = 7.66 dB) according to Fig. 6b . Figure 9 shows the BER performance recorded for different coding scenarios listed in Table I . Specifically, we have invoked both convolutional codes having a memory of M and turbo codes relying on I decoding iterations. The performance is benchmarked against the corresponding single-class scenarios as well as the achievable rate limit. We may observe in Fig. 9 that the multi-class scheme 4 and scheme 8 significantly outperform their single-class counterparts of scheme 2 and scheme 3, respectively. Quantitatively, the layered turbo coded system scheme 8 operates within 1.1 dB of the achievable rate at a BER of 10 −3 , while that of the single-class turbo coded system is 4.7 dB away from the achievable rate. Hence, our layered design offers a 3.6 dB gain at the same encoding and decoding complexity. We may also observe in Fig. 9 that even the less sophisticated layered convolutional coded scheme 4 of Table I outperforms the single-class turbo coded scheme 3, which has a significantly higher decoding complexity.
A. Performance Evaluation of Different FEC Codes
More explicitly, the decoding complexity as well as time delay of trellis codes is proportional to the number of trellis states invoked during the decoding process [14] . A memory-2 convolutional code invokes only 2 2 = 4 trellis states. By contrast, a turbo code relying on two parallel concatenated memory-3 convolutional codes invokes (2 3 × 2) = 16 states in each iteration; hence invoking a total of (16 × 8) = 128 states in 8 iterations. This implies that the layered convolutionalcoded system imposes 32 times lower decoding decoding complexity than the single-class turbo-coded system in addition to providing a better BER performance. In Fig. 10 we plot the distance to the achievable rate limit versus coding complexity for a 4-layer LACO-OFDM system utilizing the proposed multi-class coding architecture. The coding complexities are quantified by the number of states used, and are also summarized in Table I . As shown in Fig. 10 , a closer match to the achievable rate limit can be obtained upon increasing the coding complexity by increasing the memory of the convolutional codes and the number of turbo iterations. 
B. Performance Evaluation for Different LACO-OFDM Layers
Next, we embark on a more detailed analysis of the coding of each LACO-OFDM layer. Turbo coding with a maximum I = 8 iterations (scheme 10 of Table I ) is considered here owing to its best performance. Figure 11a records the layer-wise BER performance of the uncoded system, while Fig. 11b depicts the BER performance of the layered turbo coded system. We may observe a dramatic performance improvement for all layers. However, the BER curves of the layers in the turbo-coded scenario do not converge even for very high SNRs. This is because the turbo interleaver length is reduced, as we move up the layers and the performance of the turbo code degrades upon decreasing the interleaver length. More specifically, the first layer has a turbo interleaver length of 2 11 bits, while that of the fourth layer is only 2 8 . Consequently, the turbo code of the first layer performs better than that of the fourth layer, since it is widely recognized that the performance of the turbo code improves upon increasing the interleaver length. For the sake of demonstrating that the coded system is capable of completely eliminating the ILI, in the investigation of Fig. 12 we use a frame length of 2 8 bits for all layer. Since the first three layers are capable of conveying more bits, their input frames are partitioned into sub-frames of length 2 8 , which are encoded (and similarly decoded) separately. The resultant BER performance curves are recorded in Fig. 12 . As shown in Fig. 12 , all layers now converge around BER = 10 −5 , which echoes the same trend as that in Fig. 11a . This implies that the layered turbo coded system is capable of completely eliminating the ILI around E b /N 0 = 10 dB. By contrast, this was only possible around E b /N 0 = 19 dB in the uncoded regime, as demonstrated in Fig. 11a .
VI. CONCLUSIONS
In this paper, a layered channel coding system was proposed for optical IM/DD communications. We first detailed the LACO-OFDM system architecture, and derived the achievable rate with the aid of our mutual information analysis. Next, we discussed the limitations of the single-class system, which was followed by the introduction of our proposed layered LACO-OFDM architecture. Finally, we quantified the benefits of the proposed coded optical communications system by invoking both convolutional and turbo codes. Quantitatively, it was demonstrated that our turbo coded system operated within 1.1 dB of the achievable rate at a BER of 10 −3 . Furthermore, our convolutional coded system outperformed the single-class turbo coded system despite the 32 times lower decoding complexity of the former. We also demonstrated that the layered coded system is capable of drastically reducing the ILI. 
